ABSTRACT Climbing cutworms in the genus Abagrotis are economically important pests of grapes in the Okanagan Valley of British Columbia (BC). Grapes are recently introduced into many areas of the region, and the association between crop and pest is new and still evolving. This has led to limited information being available on pest management strategies, including the evaluation of chemical controls compatible with local production practices. Few insecticides are currently registered in Canada for cutworm control on grapes, and our study was initiated to provide information on the efÞcacy of potential control materials. We were also interested in the relative susceptibilities of the three most common cutworm species attacking grape buds in BCÑAbagrotis orbis (Grote), Abagrotis reedi Buckett, and Abagrotis nefascia (Smith). DoseÐresponse bioassays with nine insecticides were conducted on neonate larvae using Bok Choy leaf disks, and on fourth-instar larvae using diet incorporation. There were considerable differences in the toxicity of insecticides within species for neonates and fourth instars. For some materials, the relative toxicity to neonates and fourth instars were not correlated. Response to insecticides among the three species showed variation as well, and correct identiÞcation of the species complex present in individual locations is important in choosing the best available control material.
The grape-producing region in the Okanagan Valley of British Columbia (BC), Canada, approaches the northern limits of the growing range for this crop, requiring close attention to viticultural practices such as frost protection and putting a premium on vineyard site selection (Anon. 2010) . The complex of insect pests in BC vineyards is relatively small, and several pest species are poorly described as they adapt to a new host. One of the major pests in this area of recent production is a complex of several species of cutworms (Lepidoptera: Noctuidae) (Lowery 2010) . Cutworm moths have also been reported to be pests in vineyards in other regions of western North America, including in Washington State directly to the south of the Okanagan Valley (Washington State University 2009). However, many of the biological characteristics of cutworms infesting vineyards in BC are still not understood.
The predominant cutworm pests in Okanagan vineyards are three species in the genus Abagrotis: Abagrotis orbis (Grote), Abagrotis nefascia (Smith), and Abagrotis reedi Buckett, these species accounting for Ͼ85% of larvae collected from grapevines in a survey conducted in the springs of 2004 Ð2008 (Lowery and Mostafa 2010) . A. orbis was the most abundant species (48% of larvae collected), followed by A. nefascia (25%) and A. reedi (13%). Larvae of these species reduce yield and lower fruit quality by feeding on developing grape buds (Dibble et al. 1979) . Following feeding injury to primary buds, secondary buds developing later often produce no fruit or produce fruit of lesser quality, affecting the subsequent quality of wine.
Few insecticides are registered in Canada to control cutworms on grapes because of the recent development of the pest problem and a lack of research addressing the issue. It therefore becomes important to measure potential control materials for their efÞcacy toward cutworm pests as well as their overall Þt into integrated pest management (IPM) programs in vineyards. In our studies, we measured older insecticides such as malathion and carbaryl, as well as newer materials including chlorantraniliprole and spinetoram. The objectives of this research, in addition to determining efÞcacy, were also to measure differential susceptibilities of the three species of Abagrotis. The results obtained would serve as baselines for susceptibility and serve as a reference point for future measurements of resistance development.
Materials and Methods
Insecticides. Active ingredients tested in these experiments, and the formulated products used, are as Bioassays-Neonate. Toxicity of insecticides to neonate larvae was determined using a leaf disk bioassay (Smirle et al. 2002) using Brassica rapa chinensis (Bok Choy) leaf disks. Bok Choy plants were either greenhouse or Þeld grown. Bok Choy was used for these assays instead of grape leaves because Bok Choy has been shown to be a good food source and supports cutworm development to adulthood; although they feed on postdormant buds of grapevines, all three species of cutworms used in these experiments are unable to complete development when reared on grape leaves (Mostafa et al. 2011; authorÕs unpublished results) . Leaf disks (22 mm in diameter), cut using a #14 cork borer, were dipped in insecticide solutions and allowed to dry. Two disks were then placed in each 29.5-ml plastic Solo cup (Solo Cup Co., Lake Forest, IL) containing Ϸ5 ml of agar to ensure adequate moisture. Methyl p-hydroxybenzoate (methyl paraben) was added to the agar at a concentration of 1.5% wt:vol as a preservative. Agral 90 (Zeneca Agro, Calgary, Canada) was added to insecticide solutions as a wetting agent at a concentration of 0.25%. Control disks were treated with water plus Agral 90 only. Following preliminary trials with a range of concentrations to establish appropriate doses, four to Þve concentrations of insecticide plus a control were used to generate concentrationÐmortality data. The number of individuals tested at each concentration ranged from 120 to 215, with Þve larvae placed in each cup. Mortalities were assessed at 7 d for all insecticides except for chlorantraniliprole, which was assessed at 14 d because consistent mortality did not occur after 7 d. When larvae appearing "dead" after 7 d were removed from the bioassay and put on fresh untreated diet, Ϸ10% of these larvae recovered and successfully pupated (authorÕs unpublished observations). This recovery phenomenon did not occur after 14 d of treatment. Inconsistent results for 7-d bioassays with chlorantraniliprole have also been reported for several species of stored-product pests (Kavallieratos et al. 2013) . Control mortality using this bioassay technique did not exceed 13% in any trial.
Bioassays-Fourth Instar. Toxicity of insecticides to fourth-instar larvae was determined using a pinto bean-based meridic diet (modiÞed from Shorey and Hale, 1965 , with a vitamin mix included and the formaldehyde excluded) with incorporation of the insecticide. Stock solutions of the insecticide were prepared, and a determined amount was incorporated into the liquid part of the diet preparation, before addition of the dry ingredients. The diet was then dispensed (Ϸ5 ml per cup) into 29.5-ml plastic Solo cups and allowed to cool. Following preliminary trials with a range of concentrations to establish appropriate doses, four to Þve batches of diet at different concentrations were used to generate concentrationÐmortal-ity data. Control diet did not have insecticide added. The number of individuals tested at each concentration ranged from 90 to 120, with one larva placed in each cup. Mortalities were assessed at 14 d for all insecticides except for malathion, permethrin, and carbaryl, which were assessed at 7 d. As for the bioassays with neonate larvae, assays were continued until larvae did not recover, resulting in different times for mortality assessment. Consistent mortalities were observed after 7 d for malathion, permethrin, and carbaryl, whereas it took 14 d with the other materials before recovery did not occur. Control mortality using this bioassay technique did not exceed 8% in any trial. Data obtained from each set of bioassays, both neonates and fourth instars, were analyzed using PO-LO-PC Statistical Software (LeOra Software, 1994).
Results
There was considerable variation in mortality after exposure to insecticides within and among all three cutworm species. For A. orbis, spinetoram was the most toxic material to neonates, followed in order of toxicity (highest to lowest) by chlorantraniliprole Ͼ methoxyfenozide Ͼ spinosad Ͼ permethrin Ͼ pyrethrin Ͼ malathion Ͼ carbaryl (Table 1) . Ranking of toxicity to fourth-instar A. orbis (Table 2) was different from neonates, as follows (highest to lowest): chlorantraniliprole Ͼ methoxyfenozide Ͼ spinetoram Ͼ spinosad Ͼ permethrin Ͼ pyrethrin Ͼ malathion Ͼ carbaryl. In these and all subsequent comparisons in the other species, it was not possible to compare the toxicity of the microbial insecticide B. thuringiensis with other insecticides directly (i.e., active ingredient vs. active ingredient) because B. thuringiensis is expressed as International Units of potency per mg of formulated product, whereas other insecticides are quantiÞed as mg active ingredient per weight or volume of product.
Using the criterion of overlapping 95% conÞdence limits (CLs) to compare toxicities, spinetoram, chlorantraniliprole, methoxyfenozide, and spinosad were equivalent in toxicity to neonate A. orbis (Table 1) . Natural pyrethrin (PyGanic) and the synthetic pyrethroid permethrin (Pounce) were similar in toxicity, and were not different statistically from chlorantraniliprole or methoxyfenozide because of the relatively wide conÞdence intervals associated with the latter two compounds. Malathion was signiÞcantly less toxic than all other compounds with the exception of chlorantraniliprole, which had the widest conÞdence interval, and carbaryl, which was signiÞcantly less toxic than all other materials.
For fourth-instar A. orbis, chlorantraniliprole was signiÞcantly more toxic than any other insecticide tested (Table 2 ). Methoxyfenozide and spinetoram had overlapping CLs, but not with any of the other materials. Spinosad, permethrin, and pyrethrin comprised another group with overlapping CLs. Malathion was signiÞcantly more toxic than carbaryl, but less toxic than the other materials.
For A. nefascia neonates, relative toxicities of insecticides followed a different order than for A. orbis (Table 3) , although groupings based on overlapping CLs were similar. As before, the organophosphate and carbamate were considerably less toxic than the newer materials. Data for fourth-instar larvae were more difÞcult to interpret, largely because of the unexpectedly wide 95% CI for chlorantraniliprole (Table 4) . It is also noteworthy that spinosad was signiÞcantly less efÞcacious than spinetoram, methoxyfenozide, or permethrin. B. thuringiensis was not tested on fourth instars because of insufÞcient available larvae; PyGanic was not tested on either life stage of this species. For A. reedi, the order of toxicity was again different from the other two species, although the most toxic materials remained so (Tables 5 and 6 ). The order of relative toxicity for fourth-instar larvae was almost identical to that for A. orbis. Clorantraniliprole, methoxyfenozide, and spinetoram were the most effective insecticides on both life stages whereas malathion and carbaryl were least effective, particularly on neonates.
For all three species, relative toxicities followed a slightly different order when response was compared at the LC 90 level, although statistical differences did not change. This is expected because of differing slope values for log-probit regression lines. LC 90 response more closely approximates Þeld exposure levels and is useful if large differences are found, but the wider CLs around LC 90 values, compared with LC 50 s, make results more variable and difÞcult to measure differences statistically.
Comparisons among species showed pronounced differences in response in neonate (Fig. 1) and fourthinstar larvae (Fig. 2) . Pyrethrin (PyGanic) is not included in the Þgures because A. nefascia was not tested on either neonates or fourth instars. SigniÞcant differences in response among species, as determined by nonoverlapping 95% CIs, are represented by superscripts in the Þgures.
Discussion
The variation in susceptibility to insecticides in species of Abagrotis is not surprising and has been reported for many other noctuids (Brickle et al. 2001 , Pineda et al. 2004 , Hardke et al. 2011 ). However, interesting differences were detected within species between neonate and fourth-instar larvae, and responses among the different species were substantial and potentially important for the control of these cutworms in vineyards.
For susceptibility within species, it is noteworthy that the older materials malathion and carbaryl are substantially less toxic to all cutworm species. Both insecticides inhibit acetylcholinesterase; the modes of action of newer materials confer much higher levels of toxicity, including the insect growth regulator methoxyfenozide, which acts as an ecdysone agonist by binding to ecdysone receptors (Dhadialla et al. 1998) .
It would be expected that materials having high toxicity toward one life stage would have comparatively high activity on other stages. This was generally true in our studies, although there were several exceptions. For B. thuringiensis in the two species tested, neonates were signiÞcantly more susceptible than fourth instars with LC 50 s 9.1-and 8.0-fold lower for A. orbis and A. reedi, respectively. Although differences in bioassay methodology used for the different instars could explain differences in toxicity, it is most likely that size differences accounted for the higher toxicity to neonate larvae. Increased susceptibility to B. thuringiensis in early instars has been reported for other lepidopteran larvae (Morris 1973) . Differences in sus- ceptibility related to size are not unexpected; more interesting are situations where larger larvae are more susceptible than smaller neonates. In our experiments, spinosad was as toxic to fourth-instar larvae of A. orbis and A. reedi as it was to neonates. For permethrin, neonate larvae of A. orbis and A. reedi were as susceptible as were larger fourth instars. A similar pattern was evident for methoxyfenozide, although the unexpected susceptibility of larger larvae may have resulted from a higher rate of food consumption and increased intake of methoxyfenozide, which acts primarily through oral ingestion. Although these Þndings may seem counter-intuitive, it is likely that differences in bioassay methodology mentioned earlier make it difÞcult to compare data between instars, and illustrate the care that must be taken when interpreting results derived from studies using varied methods. Variation in response among the three species has practical implications for cutworm management in vineyards. It is informative to look at the toxicities of the two insecticides currently registered for cutworm control in Canadian vineyards, permethrin (Pounce) and chlorantraniliprole (Altacor) (Lowery 2010 ). On fourth-instar larvae, A. nefascia is signiÞcantly more tolerant of chlorantraniliprole than are A. orbis and A. reedi (Ϸ4-and 6-fold, respectively). Conversely, A. nefascia is more susceptible to permethrin than are A. orbis (3.8-fold) and A. reedi (3.0-fold). A vineyard having a large proportion of A. nefascia in its cutworm population would therefore achieve better control with permethrin later in the spring when larvae have developed into larger instars.
It is also interesting to look at differences in species response to spinetoram and spinosad. For neonate larvae, spinetoram is signiÞcantly more toxic than spinosad in all three species. A. orbis is particularly sensitive to spinetoram, and its toxicity is almost 20-fold higher than that of spinosad. Toxicities of spinetoram are ca. 6-fold and 12-fold higher than spinosad to A. nefascia and A. reedi, respectively. Differences are not nearly as pronounced in the larger fourth-instar larvae, with 95% CL overlapping in A. nefascia and A. reedi. For A. orbis, spinetoram is signiÞcantly more toxic than spinosad, a difference of 2.5-fold. Spinetoram and spinosad are closely related chemically with spinetoram possessing an additional ethyl group and a reduced double bond (Sparks et al. 2008) , and the signiÞcant differences in toxicity between them illustrates the profound difference a small change in chemistry can make.
The observed difference in response to insecticides among the cutworm species identiÞes the need for accurate identiÞcation of the species complex in local areas. Cutworms are often difÞcult to distinguish from each other, and the assistance of a taxonomist specializing in Lepidoptera may be required. . nefascia, A. orbis, and A. reedi . SigniÞcant differences in response to each insecticide among species, as determined by nonoverlapping 95% CL, are represented by superscripts. Abbreviations used for the chemical names of active ingredients are as follows: SPNT ϭ spinetoram; CHLO ϭ chlorantraniliprole; METH ϭ methoxyfenozide; SPIN ϭ spinosad; PERM ϭ permethrin; BACT ϭ B. thuringiensis; MALA ϭ malathion; CARB ϭ carbaryl.
a Units for Dipel (B. thuringiensis variety kurstaki) are expressed as milligram formulated product per milliliter; formulation contained 32,000 I.U. B. thuringiensis per milligram.
